Rumination is strongly and consistently correlated with depression. Although multiple studies have explored the neural correlates of rumination, findings have been inconsistent and the mechanisms underlying rumination remain elusive. Functional brain imaging studies have identified areas in the default mode network (DMN) that appear to be critically involved in ruminative processes. However, a meta-analysis to synthesize the findings of brain regions underlying rumination is currently lacking. Here, we conducted a meta-analysis consisting of experimental tasks that investigate rumination by using Signed Differential Mapping of 14 fMRI studies comprising 286 healthy participants. Furthermore, rather than treat the DMN as a unitary network, we examined the contribution of three DMN subsystems to rumination. Results confirm the suspected association between rumination and DMN activation, specifically implicating the DMN core regions and the dorsal medial prefrontal cortex subsystem. Based on these findings, we suggest a hypothesis of how DMN regions support rumination and present the implications of this model for treating major depressive disorder characterized by rumination.
Introduction
Depressive rumination, as proposed by Nolen-Hoeksema and colleagues, has been widely documented in the literature. It is defined as a response mode in which individuals repeatedly and passively focus on distress symptoms and the probable reasons and outcomes of such symptoms (Nolen-Hoeksema et al., 2008) . Rumination is believed to be strongly and consistently related to depression, though it is increasingly recognized as a transdiagnostic phenomenon (De Raedt et al., 2015) . Clinically, rumination is correlated with depression severity in patients with major depressive disorder (MDD) (Treynor et al., 2003) , and can predict the onset and duration of depressive episodes (Nolen-Hoeksema, 2000) . Additionally, greater intensity of rumination has been reported to predict the onset of depressive symptomatology in non-depressed individuals (Nolen-Hoeksema et al., 2008) and to index the danger of relapse in recovered MDD patients (Roberts et al., 1998) .
Of note, rumination is not a unitary psychological process. There are different psychological construct frameworks of rumination in the literature. Treynor and colleagues proposed a two-factor model of rumination, namely reflection and brooding (Treynor et al., 2003) . Reflection is a more general turning inward tendency and a problem-solving orientation, which correlated positively with concurrent depression but negatively with longitudinal depression (Treynor et al., 2003) . On the contrary, brooding is a passive tendency to focus on abstract issues and obstacles to solving problems, which correlated positively with both concurrent and longitudinal depression (Siegle et al., 2004; Treynor et al., 2003) . Moreover, Watkins differentiated abstract from concrete ruminations (Watkins, 2008) . The former involves abstract, evaluative thoughts about the self or emotion and current circumstances, while the latter involves a non-evaluative awareness of present experiences, which Watkins and colleagues have referred to as concrete rumination or mindful experiencing/being (Teasdale et al., 1995; Watkins, 2004; Watkins and Teasdale, 2001) . Through a comprehensive review of various repetitive thoughts, Watkins argued that abstract rumination is unconstructive especially when it is negatively valenced, compared with concrete rumination on present experiences (Watkins, 2008) . The work of Watkins and colleagues suggests that concrete rumination led to less over-general autobiographical memory (Watkins, 2004; Watkins and Teasdale, 2001) , less global negative self-judgments (Rimes and Watkins, 2005) and better social problem solving (Watkins and Moulds, 2005) than did abstract rumination in depressed patients. Johnson and colleagues also proposed the concept of positive rumination, which is defined as "the tendency to respond to positive affective states with thoughts about positive self-qualities, positive affective experience, and one's favorable life circumstances that might amplify the positive affect" (Johnson et al., 2008) . As commented by Watkins (2008) , "positive rumination is hypothesized to be a process that may contribute to the dysregulation of positive affect in individuals vulnerable to mania and hypomania". While, few studies have examined positive rumination, Gilbert and colleagues found that positive rumination may increase the risk for depressive symptoms in high-risk children (Gilbert et al., 2017) . Thus, any review on the neural underpinnings of rumination should take these theoretical differentiations into consideration. In recent years, an intrinsic functional network, referred to as the default mode network (DMN), has emerged as a focus of clinical neuroscientific study in depression largely because self-related processing is attributed to it (Fox et al., 2005; Raichle et al., 2001) , which supports the intuitive neural conceptualization of rumination in MDD. Moreover, functional abnormalities in the DMN have been found to be correlated with rumination (Hamilton et al., 2015) as well as with deficient autobiographical memory (Sumner et al., 2010) , both of which are remarkable clinical manifestations of depression.
While the DMN is typically considered as a unit, its functional dissection has identified at least three anatomical-functional subsystems (Andrews-Hanna et al., 2010) : 1) a core pair of hubs, the anterior medial prefrontal cortex (amPFC) and the posterior cingulate cortex (PCC), which facilitate self-referential processing and interactions between the other two subsystems; 2) the dorsal medial prefrontal cortex (dmPFC) subsystem, comprising dorsal medial prefrontal cortex (dmPFC), temporoparietal junction (TPJ), lateral temporal cortex (LTC), and temporal pole (TempP), which plays important roles in mentalizing and metacognitive processing of deducing or reflecting upon the present psychological states of one's self and others (Frith and Frith, 2003) ; and 3) the medial temporal lobe (MTL) subsystem consisting of ventral medial prefrontal cortex (vmPFC), posterior inferior parietal lobule (pIPL), retrosplenial cortex (Rsp), parahippocampal cortex (PHC), and hippocampal formation (HF þ ), which has been preferentially identified as involved in episodic judgments regarding one's self in the future (Andrews-Hanna et al., 2010) .
Numerous imaging studies involving multiple paradigms have explored the involvement of the DMN and its subsystems in rumination and its sub-component processes. Studies have contrasted the induced rumination state versus the distraction state (Apazoglou et al., 2019; Burkhouse et al., 2017; Cooney et al., 2010; Denson et al., 2009; Steinfurth et al., 2017; Yang et al., 2012) , trait words regarding one's self versus others (Fossati et al., 2003; Lemogne et al., 2009; Moran et al., 2006; Nejad et al., 2019; Yoshimura et al., 2009) , and sentences concerning attitudes, abilities, aspirations, and duties versus a control condition (Johnson et al., 2002 (Johnson et al., , 2006 (Johnson et al., , 2009 ). In the studies mentioned above, distracting responses are thoughts and behaviors that help divert one's attention away from one's depressed mood and its consequences and turn it to pleasant or benign thoughts and activities that are absorbing, engaging, and capable of providing positive reinforcement (Amada, 1991; Nolen-Hoeksema and Morrow, 1991) . Studies have found increased activation in amPFC (Cooney et al., 2010; Johnson et al., 2002; Moran et al., 2006) , PCC (Apazoglou et al., 2019; Burkhouse et al., 2017; Denson et al., 2009; Johnson et al., 2002 Johnson et al., , 2006 Johnson et al., , 2009 Moran et al., 2006; Yang et al., 2012) , and dmPFC (Burkhouse et al., 2017; Fossati et al., 2003; Johnson et al., 2006; Lemogne et al., 2009; Nejad et al., 2019; Steinfurth et al., 2017) , areas which largely overlap with DMN sub-regions. However, hyperactivity in the rostral anterior cingulate cortex (Steinfurth et al., 2017; Yoshimura et al., 2009) , caudate (Yang et al., 2012) , amygdala, and insula (Nejad et al., 2019; Steinfurth et al., 2017) have also been noted.
Although interest in exploring the neural correlates of rumination and its possible neural mechanisms is increasing, the underlying neurobiological mechanisms of rumination remain unclear. Inconsistencies among studies may result from inter-study differences in sample sizes, demographic variables, and clinical features of patients. Nejad et al. (2013) performed a narrative review of neuroimaging studies on rumination and concluded that rumination in depressed patients was associated with abnormally enhanced activity of cortical midline structures. Although not a direct meta-analysis of rumination, Hamilton et al. (2015) meta-analyzed the difference of DMN functional connectivity and regional cerebral blood flow between MDD patients and healthy controls, suggesting a model of rumination in MDD: increased integration between self-referential processes (associated with the DMN) and affectively laden, behavioral withdrawal processes (associated with the subgenual prefrontal cortex (sgPFC). Northoff et al. (2006) carried out a meta-analysis of brain-imaging studies on self-referential processing and found that increased activations in cortical midline structures are associated with self-related processing. In addition, Denny et al. (2012) conducted a meta-analysis of neuro-imaging studies of self-related judgments and showed that enhanced activation of dmPFC is correlated with self-referential judgments. However, a direct meta-analysis of rumination imaging studies, a fundamental step towards understanding the brain mechanisms of rumination, is still lacking. Thus, we carried out a meta-analysis to integrate the diverse findings from brain imaging studies of rumination to provide comprehensive information about the neural substrates underlying ruminative processes, especially state rumination, that is, the brain activities after rumination induction versus distraction/control in an experiment. We used Signed Differential Mapping (SDM) (Radua et al., 2012a (Radua et al., , 2014 , a whole-brain meta-analytical software, to identify spatially consistent neural activations involved in ruminative processes. SDM uses peak coordinates from the original articles, thus allowing all relevant studies to be included to yield accurate estimations (Radua et al., 2012a) .
Method
We performed a search using the terms: (rumination OR ruminative OR brooding) AND (fMRI OR functional MRI OR functional magnetic resonance imaging OR neuroimaging OR functional imaging OR functional magnetic imaging) in PubMed through 20 April 2019. References from the selected articles were also searched to seek more neuroimaging studies of rumination that were not encountered in the PubMed search results. The original reference detection and the detailed exclusion steps are shown in Fig. 1 . The following criteria were applied:
(1) Studies that used whole brain measures were selected. Studies only analysing regions-of-interest (ROI) or using the resting-state functional connectivity method were excluded. (2) Only studies that reported rumination vs. distraction/control contrast were included. It should be noted that, although rumination is typically operationally defined through a rumination induction task (Nolen-hoeksema and Morrow, 1993) in which subjects are either induced into rumination or distraction conditions, other paradigms also exist in the literature. These diverse paradigms probe different elements of rumination, as shown in the SI table appendix S1. Because rumination has different component processes and is so tightly linked to the psychological processes of autobiographical memory and self-referential processing, inductions other than typical rumination/distraction contrasts have also been used. For example, some researchers (Berman et al., 2014; Milazzo et al., 2016) asked their participants to "recall an autobiographical event" and deemed this a "rumination condition". In other studies (Fossati et al., 2003; Lemogne et al., 2009; Moran et al., 2006; Nejad et al., 2019; Yoshimura et al., 2010) , trait judgment tasks were used to investigate rumination because they also encouraged subjects to focus on themselves, thus resembling the rumination induction task albeit in a more goal directed manner.
Moreover, the limited number of typical rumination/distraction studies provides equivocal statistical power for meta-analysis (Eickhoff et al., 2016) . Thus, we include some "atypical" rumination studies (Fossati et al., 2003; Lemogne et al., 2009; Moran et al., 2006; Nejad et al., 2019; Yoshimura et al., 2009 ) which we believe meet the former mentioned broader definition of rumination/distraction research.
(3) Only original studies that were published in a peer-reviewed journal were included. (4) Included studies had to report results with either Talairach coordinates or Montreal Neurologic Institute (MNI) coordinates. (5) Only results of positive activation (i.e., rumination condition > distraction/control condition) were retained. This was because most studies reported only positive activations and did not report negative activations (or deactivations).
Studies using region-of-interest (ROI) analyses were excluded because such a method violates the null assumption of equal likelihood of locating activation foci/clusters across participants. Studies employing functional connectivity analysis of resting fMRI data to study rumination were excluded because they do not have a task comparing rumination versus a control/distraction condition. A few studies using positron emission tomography did not meet our criteria and were excluded unrelated to imaging modality. To avoid potential confounding group effects, only healthy participants were included. All the studies included in our meta-analysis included a rumination vs. control/distraction contrast, rather than individuals characterized by their variation in ruminative symptoms. In total, peak activation data from rumination components vs. distraction/control contrasts of 14 fMRI studies (comprising 286 healthy participants) were included and entered into statistical analyses (see Table 1 ).
Statistical analysis
Signed Differential Mapping (Radua et al., 2012b ) was used to identify statistically significant brain regions in the literature. Reported coordinate maxima were compiled from the 14 retained fMRI studies.
The SDM approach been widely utilized to study neuropsychiatric samples (Bora et al., 2011; Radua et al., 2012a) , and its detailed descriptions are presented elsewhere (Radua et al., 2012a; Mataix-Cols, 2009, 2012) . Briefly, we first selected only peak coordinates which were statistically significant at the whole-brain level. Second, for each individual study, an effect-size map of the rumination vs. distraction/control contrast differences was reconstructed converting peak coordinate maximum t values into Hedges' effect sizes. Then an anisotropic Gaussian kernel was used to allocate greater effect sizes to voxels that were more highly correlated with the peaks (Radua et al., 2014) . Only positive activations were projected to the same map to prevent any voxel from being assigned significance in opposite directions (Radua and Mataix-Cols, 2009 ). Third, to account for the impact of sample size and intra-study and inter-study variability, we applied a random-effects model. The presumed null hypothesis was that the effect sizes (instead of the peaks alone) would conform to the random distribution across the whole brain (Radua and Mataix-Cols, 2012) . The threshold was set as p ¼ 0.005 (uncorrected) combined with z > 1, as this threshold was found in the original SDM paper (Radua et al., 2014) to best balance sensitivity and specificity while yielding results approximately equal to a corrected p-value of 0.05 in SDM. A comparison of SDM with alternative anatomical likelihood estimation procedures found it to be more consistent and to provide a lower probability of false positive results (Radua and Mataix-Cols, 2012) .
Results
Meta-analysis of the rumination vs. distraction/control contrast yielded the five significant clusters shown in Fig. 2 . The summary of activated brain regions is presented in Table 2 .
The largest cluster contains the left anterior cingulate/paracingulate gyri. The second largest cluster includes the left precuneus. The third includes the left superior temporal gyrus. The fourth includes the left We calculated the percentage of significant voxels located in each of the three DMN subsystems. A total of 49.7% of the rumination-related voxels were located in the core subsystem, 18.2% were in the dmPFC subsystem, and 7.3% in the MTL subsystem. We also extracted the Z values of each voxel located in these three subsystems. The distribution of the Z values confirmed that the core subsystem demonstrated the highest consistency of activation ( Fig. 3 , right panel). To validate this finding, we further used another definition of the three DMN subsystems by Andrews-Hanna et al. (2010) , i.e., 11 DMN ROIs. We projected the 11 ROIs within these three DMN subsystems (Andrews-Hanna et al., 2010) onto our meta-analysis results (Fig. 4) . The Z values of the 11 DMN ROIs (Fig. 5 ) confirmed that the core and dmPFC subsystems contributed the most to rumination.
Beyond the DMN, we also calculated how rumination was distributed across the seven network parcellation ((visual, somatomotor (SMN), dorsal attention (DAN), ventral attention (VAN), limbic, frontoparietal (FPN), and DMN)) defined by Yeo et al. (2011) . First, we calculated the Abbreviations: ACC(anterior cingulate cortex); amPFC(anterior medial prefrontal cortex); dlPFC(dorsal lateral prefrontal cortex); dmPFC(dorsal medial prefrontal cortex); IFG(inferior frontal gyrus); IPL(inferior parietal lobule); ITG(inferior temporal gyrus); MFG(middle frontal gyrus); mPFC(medial prefrontal cortex); MOG(middle occipital gyrus); MTG(middle temporal gyrus); N/A (not available); PCC(posterior cingulate cortex); PHG(parahippocampal gyrus); SFG(superior frontal gyrus); SPL(superior parietal lobule); STG(superior temporal gyrus).
proportion of rumination-related voxels in each of these large-scale networks. We found that 31.3% of DMN voxels were activated by rumination, 7.0% of FPN voxels, 4.7% of VAN voxels, 2.8% of visual network voxels, 3.3% of SMN voxels, 1.1% of DAN voxels, and 1.4% of limbic network voxels (Fig. 6, left panel) . In addition, we also categorized all voxels significantly activated by rumination according to Yeo's 7-network parcellation and calculated the ratio of each of the networks' voxels among all the significant voxels. As depicted in Fig. 6, 66 .2% of all voxels that demonstrated rumination-related activation were classified as part of the DMN, versus 4.4% for the visual network, 4.5% for the SMN, 1.2% for the DAN, 4.5% for the VAN, 1.1% for the limbic network, and 9.6% for the FPN. In addition, 8.5% of the rumination-related voxels were not classified into any of the seven networks, most within white matter (see Fig. 6 , right panel).
To examine the apparent preponderance of meta-analytically significant, rumination-related voxels in the DMN compared to other networks as defined by Andrews-Hanna et al. (2010, 2014) and Yeo et al. (2011) , we randomly placed the same number of peak coordinates across the brain 10,000 times and performed the meta-analyses. Calculating this null distribution across the seven Yeo networks, we found activated voxels occupy 0.83% (SD: 0.01) of the visual network on average, 2.91% (0.03) of the SMN, 0.51% (0.01) of the DAN, 2.64% (0.03) of the VAN, 0.63% (0.01) of the limbic, 0.79% (0.01) of the FPN and 1.53% (0.02) of the DMN. Of the activated voxels in the null simulation, 14.14% (SD: 0.13) were in the DMN, 5.97% (0.08) were in the visual network, 16.52% (0.15) were in the SMN, 2.69% (0.04) were in the DAN, 10.64% (0.09) were in the VAN, 2.42% (0.05) were in the limbic network, and 4.97% (0.06) were in the FPN. In addition, 42.66% (0.25) of voxels were not classified into any of the seven networks. Thus, preponderance of DMN was not supported in the null simulation.
A mini meta-analysis of 6 studies involving negative, self-focused thought showed similar results (SI appendix, Table S2 ). Meta-analysis of the negative self-focused thought vs. distraction/control contrast yielded five significant clusters shown in SI appendix Fig. S1 . The summary of activated brain regions is presented in SI appendix Table S3 . We Fig. 3 . The core regions and the dmPFC and MTL subsystems of the DMN in Yeo's 17-network parcellation (left) and a violin plot of the Z values of each of the voxels in the three subsystems of the DMN (right). Different colors indicate different subsystems: in both left and right panels, orange stands for the core subsystem, yellow stands for the dorsal medial prefrontal cortex (dmPFC) subsystem, and red stands for the medial temporal lobe (MTL) subsystem.
calculated the percentage of significant voxels located in each of the three DMN subsystems. A total of 39.1% of the negative self-focused thought-related voxels were located in the core subsystem, 6.4% were in the dmPFC subsystem, and 3.5% in the MTL subsystem. Beyond the DMN, we also calculated how negative self-focused thought was distributed across the seven network parcellation ((visual, somatomotor (SMN) , dorsal attention (DAN), ventral attention (VAN), limbic, frontoparietal (FPN), and DMN)). We calculated the proportion of negative selffocused thought-related voxels in each of these large-scale networks. We found that 19.6% of DMN voxels were activated by negative self-focused thought, 4.7% of FPN voxels, 1.7% of VAN voxels, 0.4% of visual network voxels, 0.6% of SMN voxels, 0.4% of DAN voxels, and 0.1% of limbic network voxels (SI appendix Fig. S2 ). In a model proposed by Hamilton et al. (2015) , a ruminative state is produced in MDD by more tightly linking DMN supported processes of imbuing self-referencing internal stimuli with sgPFC-related processes that support affectively laden behavioural withdrawal. When we specifically looked at the activation of sgPFC in the rumination vs. distraction/control contrast, we found that sgPFC was also strongly activated together with DMN regions, as depicted in Fig. 7 .
Discussion
As expected from the individual rumination studies, meta-analysis of the rumination vs. distraction/control contrast identifies the DMN as the principal neural substrate of rumination. Within the DMN, ruminationrelated hyperactivation was predominantly observed in the core and the dmPFC subsystems. A meta-analysis of studies involving negative, self-focused thought showed the similar results as the rumination metaanalysis.
DMN subsystems and their functions in rumination
Andrews-Hanna proposed a functional dissociation of the DMN into the midline core, the dmPFC subsystem and the MTL subsystem (Andrews-Hanna et al., 2010) . The dmPFC subsystem is implicated in mentalizing and the metacognitive process of reflecting upon the present psychological state of one's self or others (Frith and Frith, 2003) . By contrast, MTL subsystem activity increases preferentially when individuals make episodic or contextual retrieval (Addis et al., 2007) , generate spontaneous thoughts (Bar, 2009; Bar et al., 2007) , or perform simulations regarding their future (Andrews-Hanna et al., 2010) . In accordance with its hub-like features, the core subsystem shares functional features with the other two subsystems, and it is activated in both self-referential conditions (Andrews-Hanna et al., 2010 .
Our meta-analysis results demonstrated enhanced activations of the amPFC and PCC hubs of the DMN during rumination and its subcomponents. Studies have shown that these midline areas tend to be activated when participants recall autobiographical information Spreng et al., 2009) , which is in line with re-experiencing the past in such tasks (Cabeza and St Jacques, 2007) . Similarly, the amPFC and PCC are robustly activated when participants simulate assumed future events related to themselves (Andrews-Hanna et al., 2010; Schacter et al., 2008) , especially in a naturalistic context which had previously been experienced (Szpunar et al., 2009) . The amPFC and PCC were also found to be activated when participants refer to their own experiences and reflect on their personal preferences, sense of worth, faith, emotions, capabilities, or physical appearance (Andrews-Hanna et al., 2010; Northoff et al., 2006; Whitfield-Gabrieli et al., 2011) . Moreover, the amPFC (and to a certain extent, the PCC) may regulate the process of self-reference memory influences (Macrae et al., 2004) by activating responses to self-relevant information, which linearly increases with the self-associated features of certain stimuli (Moran et al., 2006) . Thus, during rumination and its sub-component processes, the core areas of the DMN are activated to promote participants' ability to repetitively and passively recall personal past events, simulate assumed future events related to themselves and also introspect about personally relevant attributes and the related emotions.
Our meta-analysis also detected increased activation in the dmPFC subsystem of the DMN during rumination. Key regions within the dmPFC subsystem, such as the dmPFC, is widely appreciated for its role in mentalizing (Andrews-Hanna, 2012; Buckner et al., 2008) and metacognitive processing (Frith and Frith, 2003) . Voluminous research in social cognitive neuroscience has convincingly identified a brain network, containing the dmPFC, lateral temporal cortex, and temporal pole, that tends to be activated when participants recall, estimate, or assess social information (Frith and Frith, 2003; Lieberman, 2007; Van Overwalle, 2009 ). Such self-examining social processing can be directed to one's personal conceptions, emotions, and desires (i.e., "mental states") (Lombardo et al., 2010; van der Meer et al., 2010) , as well as to understanding the psychological states of others, usually referred to as "theory of mind" or "mentalizing" (Frith and Frith, 2003; Lombardo et al., 2010; Spreng and Grady, 2010) . Combining our results with these Fig. 4 . Projection of the DMN sub-regions on the meta-analytical results. Spheres were based on Andrews-Hanna's 11 regions-of-interest (Andrews-Hanna et al., 2010) . Different colors indicate different subsystems, namely, green for the core subsystem, blue for the dorsal medial prefrontal cortex (dmPFC) subsystem, and pink for the medial temporal lobe (MTL) subsystem. Fig. 5 . Z values identified from the signed differential mapping (SDM) metaanalysis of the 11 seeds in the DMN system. amPFC: anterior prefrontal cortex; dmPFC: dorsal medial prefrontal cortex; HFþ: hippocampal formation; LTC: lateral temporal cortex; PCC: posterior cingulate cortex; PHC: parahippocampal cortex; pIPL: posterior inferior parietal lobule; Rsp: retrosplenial cortex; TempP: temporal pole; TPJ: temporoparietal junction; vmPFC: ventral medial prefrontal cortex.
previous findings, we interpret activation of the dmPFC subsystem during rumination and its subcomponent processes as the cognitive processes of mentalizing oneself or other people.
In contrast, we found that most areas in the DMN MTL subsystem are not activated during rumination and its subcomponent processes. These regions are associated with autobiographical memory and other retrospection-based memory tasks (Spreng et al., 2009 ). An interesting possibility proposed by some researchers is that one of the adaptive functions of memory retrieval is to facilitate the psychological construction of novel experiences and thus assist individuals to better prepare for the near future (Buckner and Carroll, 2007; Schacter et al., 2008) . Humans are equipped with the ability to extract occasional, conceptual and circumstantial representations that were previously preserved, and to apply such information to construct or "simulate" future events. Moreover, simulation of future scenarios may produce long-lasting adaptive effects, such as enhancing the subjective value of future benefits (Peters and Buechel, 2010) and increasing the possibility of goal attainment (Gollwitzer and Brandstatter, 1997) . Thus, our results and previous findings lead to the conclusion that participants do not employ the MTL subsystem to cope flexibly with their current situation when ruminating, no matter the type of rumination.
A hypothesis of DMN subsystem function during rumination
Our meta-analyses of the role of DMN subsystems in rumination and its subcomponent processes allow us to refine the hypothesis on the neurobiological basis of rumination. Rumination entails activation of the amPFC and PCC cores, which are also activated when individuals reflect on episodic or autobiographical information. The dmPFC subsystem, especially the dmPFC and LTC, is persistently activated to facilitate individuals' perception of their own or others' present mentation. However, most of the brain regions in the MTL subsystem are not activated during rumination. Instead, the MTL subsystem is consistently activated in autobiographical memory recollection, which can facilitate the psychological construction of new scenarios to assist in preparing for future events.
Some authors have proposed that rumination is primarily past-or present-oriented (Papageorgiou and Wells, 1999) . Our meta-analysis showed that the main regions involved in rumination are the dmPFC subsystem and the DMN core regions. These regions play important roles in mentalizing and recalling self-relevant events. Thus, our results are in accordance with the proposal that ruminating individuals mainly focus on their present mental states and related autobiographical information rather than the future. Hamilton et al. (2015) proposed a model of depressive rumination in which increased functional connectivity between sgPFC and DMN produces rumination in MDD. In their model, increased functional integration between DMN and sgPFC is the key to producing rumination, rather than the level of DMN activity. In our meta-analysis, we found both increased DMN and sgPFC activation in the rumination vs. distraction/control contrast. The co-activation of DMN and sgPFC in healthy controls supports the generality of the model proposed by Hamilton et al. (2015) beyond MDD. Furthermore, by examining the three DMN sub-networks in the generation of rumination, we extend the Hamilton et al. model, which considered the DMN as a unitary network. Future studies investigating rumination and its subcomponent processes should pay special attention to interactions between the core and dMPFC subsystems of the DMN with the sgPFC.
Implications for depression
Growing interests in cognitive deficits in depression have stimulated examination of rumination (Burkhouse et al., 2017; Cooney et al., 2010; Hach et al., 2014; Johnson et al., 2009; Lemogne et al., 2009) . Some studies have revealed that depressive patients showed abnormally higher activity in the amPFC (Lemogne et al., 2009) , dmPFC (Lemogne et al., 2009) , PCC (Cooney et al., 2010) , temporal lobes (Cooney et al., 2010) or IPL (Burkhouse et al., 2017) than healthy controls during rumination. Importantly, the DMN regions presented in our meta-analysis results are almost identical to those found in the rumination studies mentioned earlier that compared depressed patients and healthy controls. In addition, decreased activity related to depression has been found in the MTL with an accompanying increased recruitment of PFC during rumination (Hach et al., 2014) . Such findings are also consistent with our results that 7 . sgPFC activation in the contrast of rumination vs. distraction/control. sgPFC showed significant increases in the rumination condition compared to distraction/control condition per signed differential mapping (SDM) metaanalysis thresholded at p < 0.005. the MTL is not primarily involved during rumination. In summary, the specific findings of studies that compared rumination in depressed patients and healthy controls and the results of our meta-analysis corroborate each other. This implies that increasing activation of MTL regions by facilitating the mental construction of novel scenarios in the immediate and distant future should be considered as a potential treatment for depression. Similarly, inhibition of the dmPFC subsystem, for example, via transcranial magnetic stimulation, should decrease patients' cognitive processes involved in inferring and recalling the present mentation of one's self or others.
Limitations and future directions
Limitations of the current meta-analysis need to be noted. First, only 14 studies were included. Compared to other cognitive research areas, such as attention regulation or memory, relatively few brain-imaging studies have explored rumination. Within this small field, many studies did not use whole-brain analysis methods required for inclusion in metaanalyses. Therefore, our results should be considered preliminary. Second, the small number of retained studies prevented us from evaluating the influences of covariates or carrying out meta-regressions. Demographic covariates, task complexity, sample size and grey matter density may influence meta-analytic findings. Third, the tasks of the studies included in the meta-analysis varied to some extent, which calls for more focused rumination fMRI studies in the future. Fourth, the present study only focused on the neural underpinnings underlying state rumination, that is, the brain activities after rumination induction versus distraction/control in an experiment. It should be noted that rumination trait, the tendency to ruminate after encountering life events, is also an important issue needing investigation. Evidence suggests that state and trait rumination may have different cognitive and underlying neural mechanisms (Whitmer and Gotlib, 2013) . A number of studies have investigated both cognitive (Chen et al., 2016; Joormann and Quinn, 2014) and neural (Hamilton et al., 2011; Vanderhasselt et al., 2011) mechanisms of trait rumination. Thus, future work should systematically analyze the cognitive neural underpinnings of trait rumination and compare them to those underlying state rumination. We anticipate that continued growth in the study of rumination will clarify these factors. Moreover, the focus of our analysis is on state rumination, that is, the brain activities after rumination induction versus distraction/control in an experiment. This task-induced rumination is suitable for fMRI experimentation but focuses on the "repetitive" aspect less. Future studies should elaborate fMRI experiments to explore the "repetitive" aspect of rumination by focusing on trait rumination, which is the tendency to ruminate after encountering life events.
Conclusion
Rumination is related to functional activations in the DMN. Our metaanalysis showed that rumination is specifically associated with activations of the core regions and the dmPFC subsystem of the DMN. These results provide the basis for a therapeutically relevant hypothesis that may improve the treatment of rumination and depression.
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